Protein N-termini reveal fundamental regulatory mechanisms and their perturbation in disease.
developed High-efficiency Undecanal-based N Termini EnRichment (HUNTER), an automatable workflow for the sensitive enrichment of N-terminal peptides from as little as 2µg protein lysate of any cell or tissue using off-the-shelf reagents (Fig. 1a ).
The most sensitive protocols established to date enrich protein N termini by negative selection 11 , where protein amines are blocked with amine-reactive reagents before proteome digestion. This in turn generates new peptide-N-terminal a-amines that are then exploited for depletion. Unspecific losses and low reproducibility mainly occur in three critical steps ( Fig. 1a ), during removal of free amino acids and other interfering compounds from the protein lysate, removal of amine-reactive labeling reagents prior to digestion and selective depletion of proteome digestion-generated non-N-terminal peptides (Fig. 1a ). The first two purification steps are commonly achieved by protein precipitation and resuspension, resulting in high protein loss and poor reproducibility, particularly in microscale samples 15 . To overcome this, we replaced precipitation-based protein purification by reversible high-efficiency binding to hydroxylated magnetic beads as used in the Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) method 15 . We first established compatibility of SP3 with protein-level dimethyl labeling and found that within 2 hours >99% of primary amines on proteins were successfully blocked from subsequent reaction (Fig. 1b) . The third loss-intensive step is depletion, where considerable losses occur due to unspecific binding of dilute N-terminal peptides to surfaces of filters, beads and other consumables ( Fig. 1a ). Here we adapted a strategy based on attaching hydrophobic hexadecanal to the free peptide a-amines generated by the proteome digest 16 . This increased the hydrophobicity of tryptic non-N-terminal peptides, allowing their retention on a reverse phase liquid chromatography column, while N-terminal peptides were eluted and directly analyzed by MS/MS at acetonitrile concentrations <80%. However, hexadecanal-containing reactions solidified at room temperature and underwent phase separation resulting in losses and lowered reproducibility. We tested the shorter-chain undecanal, which is liquid at room temperature. After optimizing reaction time ( Supplementary Fig. S1a,b ) and solvent conditions ( Fig. 1c ), we found that reaction in 40% ethanol for 60 min at 37°C, followed by passing the reaction mixture through commercial C18 reverse phase resins ( Supplementary Fig. 1c ) allowed direct enrichment with minimal loss of N-terminal peptides ( Supplementary Fig. 1d ). Additionally, depletion of shorter-chain undecanal-tagged peptides was equally or more efficient compared to hexadecanal ( Fig. 1d, Supplementary Fig. 2a,b) , resulting in enrichment of N-terminally modified peptides from baseline levels of <10% to >92% after enrichment ( Supplementary Fig.   2c ). The enrichment efficiency was independent from the amount and source of digested proteome used for pullout, including Arabidopsis thaliana leaf and rat brain proteomes ( Supplementary Fig. 2d,e ).
After optimizing SP3-labeling and undecanal-mediated depletion individually, we evaluated the performance of the combined workflow in a one-pot reaction from lysis to cleanup. Across a wide range of starting material from 1 million HeLa cells, equivalent to 200µg protein lysate, down to as few as 10,000 HeLa cells, or 2µg protein lysate, we observed >94% dimethyl-modified lysine residues and enrichment efficiencies >90% (Fig. 1e ). Analysis with an Orbitrap Q-Exactive HF mass spectrometer identified an average of 992, 1,230 and 1,454 N-terminal peptides from 2µg, 4µg and 20µg, respectively, within one hour. For larger samples, only 1µg of the recovered N-terminal peptides were injected, resulting in the identification of 1810 N-terminal peptides on average.
High-pH fractionation of N-terminal peptides enriched from 200µg HeLa proteome readily increased this to identification of >5,000 N-terminal peptides (Fig. 1f ). Data independent acquisition (DIA) using a spectral library extracted from these fractions further boosted the number of N-termini identified from 200µg starting material in a single 1-hour analysis by 50% to 2,877 ( Supplementary Fig. S3a ). The reproducibility was similar across the range of starting material, with Pearson correlation factors of 0.89 between manually pipetted replica of 4µg HeLa material and 0.74 between days ( Fig. 1g, Supplementary Fig. S3b-e ), as reported for label-free single-peptide quantification with minimal starting amounts 14 
. DIA analysis of 4µg and 200µg
HeLa lysate showed similar correlation coefficients of 0.91 between manually pipetted replica ( Supplementary Fig. S3f,g) , but markedly improved quantitative precision. Using DIA analysis, 988 N termini were quantified in 200ug HeLa lysate with single peptide CVs <10%, whereas DDA analysis only quantified 192 N termini with CVs < 10% (Fig. 1h ). Finally, we established HUNTER on a basic liquid handling system in 96 well format to enable high-throughput sample analysis 5 and to reduce variation from manual pipetting. Automated enrichment of protein N termini from 1 to 5µl of human plasma in four technical replicates achieved an improved intra-assay Pearson correlation of 0.93. The inter-assay Pearson correlation for automated assays on different days and different chromatography columns was 0.86 on average ( Fig. 1i ).
We next set out to explore the performance and utility of the HUNTER protocol with samples that had so far not been amenable to N terminome characterization. We first analyzed 3 µl nondepleted blood plasma (BP) and aspirated bone marrow interstitial fluid (BM) from three pediatric B-cell acute lymphoblastic leukemia (B-ALL) patients before and after induction chemotherapy. This analysis identified 600 N termini of 244 proteins across all patients, with more low-abundance plasma proteins 17 identified after N termini enrichment than in a standard proteome analysis ( Fig. 2a ). Quantitation revealed pronounced differences between plasma and BM, and before and after treatment ( Supplementary Fig. S4 ). Notably, N termini matching complement protein activation sites 18 decreased in both plasma and bone marrow during chemotherapy ( Fig. 2b, Supplementary Fig. 5 ), in line with the chemotherapy induced complement defects observed in ALL 19 .
We then explored differences in protein maturation between four different peripheral blood monocyte populations from healthy donors isolated by fluorescence-activated cell sorting. For each population we analyzed triplicates of 30,000 sorted cells and identified between 646 and 803 N termini ( Fig. 2c ). Unsupervised dimensionality reduction based on N termini abundance clearly separated the different cell types, with replica of each cell type grouped in close proximity ( Fig. 2d ). Next, we asked if HUNTER could support investigation of proteolytic processes in subcellular compartments of limited samples, such as pediatric patient biopsies. This type of study was previously restricted to cultured cells of which large quantities of source material could be obtained. We first optimized a crude subcellular fractionation of mitochondria using mild pressure cycling assisted cell lysis of 2.5 million cells in 30µl buffer, resulting in a threefold increase of N termini originating from known mitochondrial proteins ( Supplementary Fig. 6a ).
HUNTER applied to mitochondrial fractions from less than 2.5 million Acute Myeloid Leukemia (AML) blasts obtained by bone marrow aspiration from a pediatric patient enabled detection of 233 N termini for 181 mitochondrial proteins, with similar numbers identified in two B-ALL cell lines ( Supplementary Fig. 6b ,c). Compared to a recent study of mitochondrial protein processing in human cells 20 , HUNTER identified on average 73% of the protein termini and 81% of proteins from only about 1/10th of the starting material ( Fig. 2e ).
Finally, we tested the utility of HUNTER for protease substrate profiling in small specimen by comparing A. thaliana wild type seedlings with a quadruple knock-out of all four genes coding for vacuolar processing enzymes (VPEs) resulting in altered seed storage protein processing 21 .
HUNTER analysis of single seedlings in combination with duplex stable-isotope labeling showed high biological variation in early development ( Supplementary Fig. S7 ). To reduce biological variability and increase coverage, we pooled three seedlings per condition ( Supplementary Fig.   S8 ) and found that 75 of 933 quantified N termini showed significant changes between both lines ( Fig. 2f ). 54 N termini more abundant in wild-type mostly reflected altered processing of 12S seed storage proteins and predominantly matched the known VPE sequence specificity for cleavage after Asn (Fig. 2g ). The 21 N-terminal peptides with increased abundance in the VPE null mutant indicated alternative processing of 2S seed storage proteins, preferentially between Glu or Trp and Phe (Fig. 2h ), and increased activation of cathepsin B3 and the germination-specific cysteine proteases CP1 that might help to compensate for the lack of VPEs ( Supplementary Fig. S8 ).
In summary, HUNTER is a highly sensitive, universal and scalable protocol for enrichment of protein N termini from crude protein lysates. HUNTER is well suited for automation even on basic liquid handling systems, as it is based on standard magnetic bead and cartridge technology, does not require protein precipitation and avoids phase separations. We have shown successful application in systems as diverse as rat brain and plant leaf tissue, human plasma, sorted peripheral blood cell populations, subcellular fractions enriched for mitochondria and individual A. thaliana seedlings. With sensitive identification and reproducible quantification of >1,000 protein termini from starting amounts of as little as 10,000 HeLa cells or 2 µg of protein lysate and >5,000 termini from 200µg of protein lysate, HUNTER enables comprehensive analysis of proteolytic processes and protein N-terminal modifications in microscale samples from a wide range of precious limited biological samples and clinical biopsies. were punched with a flat-end needle (Hamilton, cat. no. 90517). A straightened paper clip was used to gently push down the C18 disks into a P200 pipette tip (VWR, cat. no. 89079-474).
Methods
High-pH reversed phase fractionation. Fractionation was performed with an Agilent 1100 HPLC system equipped with a diode array detector (254, 260, and 280 nm). HPLC system was installed with a Kinetic EVO C18 column (2.1mm×150mm, 1.7µm core shell, 100Å pore size, Phenomenex).
The samples were run at a flow rate of 0.2ml per minute using a gradient of mobile phase A (10mM ammonium bicarbonate, pH 8, Fisher Scientific, cat. no. BP2413-500) and mobile phase B (acetonitrile, Sigma-Aldrich, cat. no. 34998-4L) from 3% to 35% B over 60 min. Fractions were collected every minute across the elution window for a total of 48 fractions, then concatenated to a final set of 12 (e.g. fraction 1+13+25+37 as final fraction 1). All the fractions were dried in a SpeedVac centrifuge and resuspended in 0.1% FA in water (Thermo Scientific, cat. no. SC2352911) prior to mass spectrometry analysis. The following adaptations to the HUNTER protocol were made to achieve optimal automation: 250-300µg protein (maximum 5µL plasma) was processed. Dimethylation was performed at room temperature, the final concentration of formaldehyde was 35mM, and the final concentration of sodium cyanoborohydride was 15mM. 2 units of benzonase were added to 5µl of plasma. Wash steps were programmed to aspirate 10µL more than the dispense volume to ensure full removal of all wash buggers. During the digestion and undecanal labeling steps, the plate was covered with thermal adhesive sealing film (Diamed Lab Supplies Inc., cat. no. DLAU658-1) and incubated at 37°C. Samples and/or beads were mixed on the heater/shaker at 1500rpm for 2 min. To prevent bubbles forming in tips and ensure uniform dispensing, the aspiration speed was set to 10mm/s. All pipetting steps were programmed to aspirate from bottom and dispense from top.
High-efficiency Undecanal based N Termini EnRichment (HUNTER).

Preparation of
Undecanal and ethanol were combined first before dispensing into each well. 
Preparation of single-pot solid
Evaluation of peptide recovery dependency on solvent concentrations. Stage-tips with 4 C18
disks were prepared and conditioned with methanol and 0.1% TFA in water. 10µg HeLa peptides were loaded on StageTips and centrifuged at 1200g. The peptides were sequentially eluted with 40% ethanol, 50% acetonitrile, and 80% acetonitrile and collected in 1.5ml Eppendorf tubes.
Then, the samples were dried with speed vac and topped up with water to 10µL. The samples were sonicated before performing colorimetric peptide quantification. Elution with 80% and 100% acetonitrile respectively and initial HeLa peptides were used as controls. Arabidopsis leaf and rat brain samples were analyzed on a two-column nano-HPLC setup (Ultimate 3000 nano-RSLC system with Acclaim PepMap 100 C18, ID 75 µm, particle size 3 µm columns: a trap column of 2 cm length and the analytical column of 50 cm length; ThermoFisher) with a binary gradient from 5-32.5% B for 80 min (A: H2O + 0.1% FA, B: ACN + 0.1% FA) and a total runtime of 2 h per sample coupled to a high resolution Q-TOF mass spectrometer (Impact II, Bruker) as described 7 (Rinschen et al., 2017) . Data was acquired with the Bruker HyStar Software (v3.2, Bruker Daltonics,) in line-mode in a mass range from 200-1500 m/z at an acquisition rate of 4 Hz. The Top17 most intense ions were selected for fragmentation with dynamic exclusion of previously selected precursors for the next 30 sec unless intensity increased three-fold compared to the previous precursor spectrum. Intensity-dependent fragmentation spectra were acquired between 5 Hz for low intensity precursor ions (> 500 cts) and 20 Hz for high intensity (> 25k cts) spectra. Fragment spectra were averaged from t stepped parameters, with 50% of the acquisition time manner with split parameters: 61 µs transfer time, 7 eV collision energy and a collision RF of 1500 Vpp followed by 100 µs transfer time, 9 eV collision energy and a collision RF of 1800 Vpp.
Mass spectrometry
Data-independent acquisition (DIA):
The samples were resolubilized in 0.1% formic acid and spiked with iRT peptides before analysis on the Q-Exactive HF system (Thermo) described above. ArgC semispecific free N-terminus digestion with maximum two missed cleavage sites. The label free quantification minimum ratio count was 1. "Match between runs" was only enabled for clinical samples. The false discovery rate for PSM, peptide and protein were set as 1%. Labelfree quantification was used to quantify the difference in abundance of N termini between samples. To determine dimethyl labeling efficiency and pullout efficiency from pre-and post-HUNTER samples respectively, oxidation (M), acetyl (N-term), dimethyl (K), dimethyl (N-term), Gln->pyro-Glu, and Glu->pyro-Glu were selected as dynamic modifications. ArgC specific digestion mode was used in the first search and Trypsin/P semi-specific digestion mode was selected in the main search. To calculate pullout efficiencies dimethyl (peptide N-term) was defined as variable modification and to calculate labeling efficiencies both dimethyl (peptide Nterm and K) were set as variable modifications.
Arabidopsis and rat brain DDA data acquired with Impact II Q-TOF instruments were processed and searched with MaxQuant v.1.6.3.3 using embedded standard Bruker Q-TOF settings that included peptide mass tolerances of 0.07 Da in first search and 0.006 Da in the main search. The Arabidopsis and rat protein databases were downloaded from UniProt (Arabidopsis: release 2018_01, 41350 sequences; rat: release 2017_12, 31571 sequences) with appended common contaminants as embedded in MaxQuant. The "revert" option was enabled for decoy database generation. Database searches were performed as described above, except that enzyme specificity was set as Arg-C semi specific with free N-terminus also in the first search, heavy dimethylation with 13 CD2O formaldehyde was set as label (K) whereas oxidation (M), acetyl (Nterm), heavy dimethyl (N-term), Gln->pyro-Glu, and Glu->pyro-Glu were set as dynamic modifications. Data analysis of the Arabidopsis seedling experiment considered duplex dimethyl labeling with light 12 CH2O formaldehyde or heavy 13 CD2O formaldehyde (peptide N-term and K).
DIA was analyzed with Spectronaut Pulsar X (version 12.0.20491.0.21112, Biognosys, Schlieren, Switzerland). First, a spectral library was generated by searching the DIA raw files for samples together with 36 DDA files acquired on 12 high-pH fractions for triplicate HeLa samples in Spectronaut Pulsar. The default settings were applied with the following changes: Digest type was semi-specific (free N-terminus) for Arg C, minimum peptide length = 6. Carbamidomethyl (C) and dimethyl (K) were fixed modifications, while variable modifications consisted of oxidation (M), acetyl (N-term), dimethyl (N-term), Gln->pyro-Glu, and Glu->pyro-Glu. The resulting spectral library contained precursor and fragment annotation and normalized retention times. This was used for targeted analysis of DIA data using the default Spectronaut settings. In brief, MS1 and MS2 tolerance strategy were 'dynamic' with a correction factor of 1. Similar setting was maintained for the retention time window for the extracted ion chromatogram. For calibration of MS run precision iRT was activated, with local (non-linear) regression. Feature identification was based on the 'mutated' decoy method, with 'dynamic' strategy and library size fraction of 0.1. Precursor and protein false discovery rate were 1% respectively. The report generated from Spectronaut was filtered for N-terminal peptides with dimethyl and acetyl modifications. Label free quantification. For label free quantification muda.pl pre-processed data with peptide intensities determined by MaxQuant, is processed further by eliminating termini with intensity values for <20% of the analyzed samples. Data is median normalized, followed by multiplication by the overall data median and log (10) supervised the project and wrote the manuscript with input from all authors. Fig. 1 | A protocol Supplementary Figure 8 
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